Abstract-In a code-division multiple-access cellular system, the soft handoff with macrodiversity is known to increase the number of available channels in each cell from the interference-reduced radio environment. This capability, however, also incurs extra load on the system due to the increase in the number of channels occupied and reserved for macrodiversity. The objective is to evaluate the associated loads, thereby enabling effective channel management. We first differentiate two kinds of loads attributable to new and handoff calls, respectively. Further dividing handoff calls into two kinds, we derive a load balance equation from which three different loads at a cell are all exactly obtained in association with the size of the soft handoff region. Comparative analysis with the case of no soft handoff region, i.e., of hard handoff, shows the appropriate proportion of channels reserved for the macrodiversity in a given soft handoff region.
I. INTRODUCTION
O NE OF THE most important merits of the code-division multiple-access (CDMA) cellular system is its soft handoff capability provided by macrodiversity. Once in the soft handoff region, a mobile is usually linked via multiple (typically two) signal paths to both the current base station and the target base stations, guaranteeing a smooth transition without the chance of the ongoing call being dropped, as in the hard handoff scheme. Additional improvement in the grade of service may also be achieved from multiple signals of distinguishable quality [1] , [8] .
Drawing our attention among the soft handoff studies is the one on the effect of the size of the soft handoff region on the CDMA system capacity [9] - [11] . According to the findings reported therein, the soft handoff allows the required level of signal powers to be weaker on the average, making the overall interference level lower, which in turn is followed by an increase in the number of available channels in each cell.
This gain in system capacity is bound to be offset by the increase in the number of channels occupied for the macrodiversity of the soft handoff system. In other words, a relatively larger soft handoff region yields the positive effect of enlarging the number of available channels from the smaller radio interference, while it also necessitates reserving a larger number of channels for the extra load from the macrodiversity. These two positive and negative effects should be traded off to render the optimal, from the viewpoint of channel resource availability, relative size of the soft handoff region. For that, the amount of extra load required for the soft handoff provision has to be explicitly figured out as the relative size of the soft handoff region varies.
In this paper, we are concerned with finding how many channels should be allocated to support the macrodiversity of the CDMA soft handoff scheme, while meeting the requirement on blocking probability, as the relative size of its region varies. For that, offered loads are distinguished between the two kinds of calls-new and handoff.
To our knowledge, evaluation of offered channel loads for the soft handoff in the CDMA system is first attempted herein. However, for the hard handoff mechanism, there are already several studies on load analysis [2] - [6] . To highlight the differences, most of our offered load analysis of the soft handoff mechanism will be presented with reference to the hard handoff case, i.e., the case of null soft handoff region.
A performance study by Su et al. [12] on the soft handoff in the CDMA is, however, worth citing, although not directly dealing with the channel load issue. Their analysis focuses on a single isolated cell with the given size, so that the new call arrival rate of a cell is unaltered throughout. Varying the relative portion of the soft handoff region to the whole cell area, they investigated how some key performance measures change. Different from their setting, our attention is placed on the whole service area in which the number and location of cell sites are given fixed. So, in our setting, extending the relative portion of the soft handoff region is bound to enlarge the cell coverage area, which in turn increases the arrival rate of a cell. This discrepancy in the arrival rate between the two settings would result in different conclusions on trends of some performance measures in relation to the relative size of the soft handoff region.
While the distinction between new and handoff calls is selfevident in the hard handoff, the loads attributable to new and handoff calls in the soft handoff are not clearly distinguishable due to the soft handoff region. For the exact load analysis, therefore, we shall divide traffic into three types: one by new calls originated at the current cell, and two by handoffed calls from neighboring cells. Based on this traffic classification, we derive the load balance equation holding at a cell, using the arrival and service rates of each kind of traffic derived formally. We then derive two offered loads attributable, respectively, to new and handoff calls for each of varying relative sizes of the soft handoff region. Subsequently obtained for each relative size are the resulting handoff rate, and the numbers of channels required at a cell to meet the blocking standard for both the overall and the soft handoff traffic. Given the number of available channels at a cell fixed, we also obtain the instrumental information of a threshold proportion of the soft handoff region meeting the call blocking criterion.
II. CELL BOUNDARIES AND TRAFFIC CLASSIFICATION
We assume that mobiles are located evenly over the entire service area, which consists of an infinite number of identical cells. Whereas a cell is matched with a single hexagonal boundary in the case of hard handoff, the soft handoff scheme of the CDMA system associates two boundaries with a cell as shown in Fig. 1 . One is the inner boundary, the starting point of the soft handoff of an outgoing active call; and the other is an outer circular boundary with radius , its ending point. The area between the two boundaries is the soft handoff region, in which an active call is with channel diversity, i.e., is connected via more than a single channel, one from each neighboring cell. Now, let the entire service area be partitioned into a number of identical hexagonal cells with radius , defined as the maximum distance from its center to the boundary. Consider a circular cell with radius , which is equicentered with the hexagon and with the same areal size, as shown in Fig. 1 .
The soft handoff region would look like a circular belt consisting of a chain of six convex lenses. This region is indeed the overlapped area between neighboring cells. From the regular cellular pattern, we see that this region is areally bisected by the hexagon's edges, and thus by the circle with radius . The soft handoff region is thus twice as large as the area of the ring type between the circular boundaries with radius and . The ratio of the soft handoff region to the cell area, , then is given by This circular approximation, although somewhat too simplified considering irregularly shaped real-world cell areas, seems the only viable means to exactly analyze the long-term average performances of the soft handoff mechanism. There exists a study [13] taking into account the cell irregularity. However, the associated model with additional state variables is too complicated for exact analysis. This explains why the hexagonal/circular cell structure is assumed in many performance studies [3] - [6] , [12] .
Note that a hexagonal cell with radius is equally sized with a circular area with radius , at the boundary of which hard handoffs, if employed, would occur. This suggests to us to divide the circular cell with radius into two regions divided by the circular boundary with radius , denoted by and , as shown in Fig. 1 . Calls generated in the region of the ring type between the two radius, and , are then regarded as handoff calls, while those in are new calls. In other words, the calls from are primarily connected to the cell, and the connections for those from are only secondary. Since connections are provided to both regions, the cell area of the CDMA system would be the circular area with radius , which is enlarged by from the case of hard handoff. Ongoing calls from outside the cell start the soft handoff at the boundary of the circular cell. Traffic in the cell, therefore, is divided into three types, one by new calls originated in and two by handoff calls from and neighboring cells.
III. TRAFFIC MODELING
The call duration time is assumed to be exponentially distributed with mean . We also assume that the speed and direction of a mobile are uniformly distributed on interval [0, ] and [0, ], and that they remain constant during the mobile travel. Let random variables, and , be the cell residence times of a mobile in the cell, the corresponding calls of which are originated, respectively, in areas and . The channel holding time of a call at the cell is defined as the time between the instant that a channel is occupied by a call and the instant that the channel is released either by the completion of the call or by the outer cell boundary crossing of the mobile. Then the channel holding times, and , for a new call originated in and a handoff call from , respectively, become Let and denote, respectively, the probability density function (pdf) and the cumulative distribution function (cdf) of the associated random variable . Since each of the two random variables, and , is independent of , the expectations of and are then given as
The cell residence time of an inbound mobile in the cell to which its ongoing call has been handed off is denoted by . Because of the memoryless property of exponential distribution, the remaining duration of a handoff call entering the cell from outside the cell has the same distribution with a new call. From this, the expectation of , the channel holding time for the handoff call from outside the cell, is also given by (2) Assume that arrivals of new calls in and handoff calls from occur according to independent Poisson processes with respective rates and . We also assume that handoff calls enter the cell from outside according to an independent Poisson process with rate . Since, at equilibrium, the rate of active calls leaving the cell is equal to that entering the cell [7] , i.e., the handoff rate from outside the cell , we have (3) where is the probability that a call is denied further channel access, either on its generation or while being serviced. We assume here that this probability is uniform over all call types, since we are only concerned with the overall channel overhead that the soft handoff brings forth. Although the occurrences of call outages-however few they may be in reality-are to be counted in obtaining the probability, we will disregard the outage effect and simply consider it as the blocking probability to fit the narrow scope of our load analysis.
Let denote the traffic load imposed on the outside of the cell by the calls originated in the cell, the load imposed on the cell by the active calls handed off from outside the cell. The two loads are then expressed as (4) Note that the last term of shows the proportion of outbound load which is not imposed due to call blocking. At equilibrium, we have the obvious relation , which can also be verified by plugging the results of (1)-(3) into (4). We thus have the following load balance equation: (5) In appearance, there are two unknown variables-the handoff rate, , and the blocking probability, , to be determined from this single equation. These two variables are, however, interrelated each other via the so-called Erlang-B formula. Given the number of channels fixed at , can be readily obtained in terms of the overall call arrival rate, , by the following relation: (6) where denotes the load associated with the arrival rate [7] . Note that and are given a priori as . We can thus employ an iterative method like the one in [12] to obtain the variable pair, and , satisfying (5) and (6). To highlight the difference between the soft and the hard handoff scheme, we list the version of (5) for the case of hard handoff, i.e., of null soft handoff region:
where and denote, respectively, the channel holding time for the handoffed call from outside the cell and its arrival rate, and the channel holding time for a new call originated in , when the soft handoff region is nil, i.e., in our setting. Note here that the cell area is the circular area with radius , and that the superscript is to denote the case of hard handoff.
IV. OFFERED LOADS AND HANDOFF RATE
Let be the rate of new call generations per hour per unit area. Then, the generation rate of new calls at the cell is , and the one of handoff calls generated in , , is . As has been done in [4] , we can derive the probability density function of as for for
where The probability density function of is also given by (8) , shown at the bottom of the next page where
The speed of an incoming mobile from outside the cell is denoted by , and its direction by angle between the mobile direction and that pointing to the cell center from the mobile position. In [2] , the pdfs of the speed and direction of an incoming mobile, , are given by for for based on which we obtain for for (9) The average channel holding times, and , are obtained from (1), (7), and (8), and can also be readily available from (2) and (9). We thus obtain satisfying (5) and (6) . The handoff rate and the associated traffic load imposed on the cell are given by and , while those for the case of hard handoff are and . The enlarged cell in the case of soft handoff also imposes the load by new calls, , on the cell, which is larger than that for the case of hard handoff, . Note that the difference in the total load between the two cases, , is all due to the macrodiversity provided in the soft handoff region of the CDMA system.
V. NUMERICAL RESULTS
The parameter values for the analysis are taken from practical ranges as s, mi/h, mi and (calls/h)/mi . Note that there are four unknowns-, ,
, and , while we have only two equations-(5) and (6) . To find the interrelations of practical significance between them, two unknowns should be specified a priori. Fixing (thus calculating ), we first consider how two unknowns, and , vary in relation to the number of traffic channels, . Obviously, strictly decreases in while strictly increases. We can thus identify the level of , beyond which the usual GOS requirement on blocking probability is satisfied. In other words, once the value of is given with , the other two unknowns, and , will be readily available. Now with the blocking probability fixed at = 0.02, we obtain, for each of varying 's, the offered loads attributable to both new and handoff calls by numerical approximation, rendering the load curves of Fig. 2 . As increases, both loads in- crease with different slopes. The average channel holding times become longer for either type of calls. The arrival rate of new calls doesn't change according to our definition of new calls, but that of handoff calls becomes larger, explaining the steeper load slope for handoff calls. To accentuate the difference in load, Fig. 2 records the loads by handoff calls in the hard handoff scheme, which are independent of and thus remain constant. At this point, the reader's discretion is summoned to note the difference from the numerical results in [12] . As gets larger, the cell coverage area becomes larger here; but in the setting of [12] , the cell area remains the same.
Again with fixed as above, the numbers of channels required for both the overall and the soft handoff traffic are also plotted in Fig. 3 . This slope information will be a useful guideline in determining the number of channels additionally allocated for the soft handoff when the overall proportion of overlapped cell areas in a real cellular environment, represented here as , is given.
This time we fix the total number of channels allocated for a cell at 30. Fig. 4 shows how the blocking probability and traffic load change in . From the curves of the traffic load and/or the blocking probability, we can have a feel for an admissible or desirable range of .
At this point, the reader is cautioned against the real-world practice that computing the exact soft handoff region is very for for for for (8) Fig. 3 . Number of required channels for overall/soft handoff traffic. hard due to the irregular pattern of radio propagation. Since the soft handoff occurs in the overlapped region, both can be interchangeably used. The size of the overlapped region can roughly be obtained from such parameters as the lengths of signal paths from the neighboring cell sites. Note the path length can be readily derived from the difference in power level between the transmitted and received (pilot) signals [1] .
VI. CONCLUSION
The soft handoff scheme in the CDMA cellular system increases not only the number of available channels in each cell from the interference-reduced radio environment but also the number of required channels in each cell to support the macrodiversity in the soft handoff region. In this paper, we dealt with the problem of finding an appropriate number of extra channels to reserve for the macrodiversity in the soft handoff region of varying relative size.
A prerequisite for this channel load analysis is that two kinds of loads be distinguished, attributable to new and handoff calls, respectively. Since the loads are not clearly distinguishable in the soft handoff region, we first classified calls into three types: new calls generated at the current cell, and two kinds of handoff calls differentiated by the area of their origination. The arrival rate and the average service time for each type were figured out via a statistical derivation procedure. The loads offered by new and handoff calls were then obtained by the load balance equation derived from approximating our process as a birth-death process. Both offered loads were shown to increase with different slopes as the relative size of the soft handoff region becomes larger.
Subsequently obtained for each relative size were the resulting handoff rate, and the numbers of channels required at a cell to meet the blocking standard for both the overall and the soft handoff traffic. Given the number of available channels at a cell fixed, we also obtained the instrumental information of a threshold proportion of the soft handoff region meeting the call blocking criterion.
Quite contrary to the regular cell pattern assumed herein, the cell structure of the real-world system is very irregular. We thus simply considered as the overlapped portion of cells where soft handoffs are taking place. It would be useful to evaluate an offered channel load, and thus an appropriate level of channel provisioning, of a cell as a function of the overlapped portion . The sensitivity in channel loads in terms of presented herein serves as an effective reference in call control as well as in cell planning for the CDMA system. 
